Featured Application: The active damping strategy is proposed to suppress the oscillation in the separating-metering electro-hydraulic system. This work is suitable for the separating-metering system with low back pressure applications.
Introduction
Heavy-duty machinery has many features, such as big load inertia, huge flow rate, and a vast amount of energy transmission; hence, hydraulic servo systems are widely used in those industrial applications. The separating-metering electro-hydraulic system (SMEHS) dismissed the mechanical linkage between the metering-in orifice and the metering-out orifice when compared with the traditional spool valve-controlled system, so the SMEHS has more freedom of degrees and it has more control flexibility [1] [2] [3] [4] [5] . However, the pressure of the cylinder metering-out chamber was often designed to be small to save energy. When the load force drastically changes, the SMEHS is easy to overshoot and oscillation, which means that the SMEHS does not have enough damping.
Some control schemes were developed by researchers to increase system damping [6] [7] [8] . Generally, these schemes fall into two categories. The first category is the "passive" damping scheme. These
Problem Statement and Active Damping Strategy Analysis
For energy saving reasons, the pressure of the cylinder metering-out chamber was often designed at a lower level in the SMEHS. The system is easy to overshoot and oscillation when the load force drastically changes.
The active damping strategy (ADS) is proposed in order to improve the system damping and suppress the oscillation in the SMEHS (Figure 1 ). The active damping strategy establishes the correlation between the pressure of the metering-out chamber and the acceleration of the load. In the following, the damping ratio of the SMEHS is mathematically derived to prove the effectiveness of ADS.
Damping is the effect that tends to reduce the amplitude of vibrations [15] , which means that the damping force always has the opposite direction with velocity. The pressure force at the metering-out chamber can be regarded as a damping force. As shown in Figure 2 , when the rod is extending, the direction of the metering-out pressure force F p 2 A 2 is opposite to the rod moving direction, and there is a tendency to hinder the movement of the piston, so that the metering-out pressure force can be considered as a kind of damping for the system. The viscous damping force F b .
x is also opposite to the speed direction and it is also the damping force of the system. Similarly, when the piston is retracted, as in Figure 3 , the direction of the metering-out pressure force is opposite to the rod moving direction, so the metering-out pressure force F p 1 A 1 is a damping force of the system. designed at a lower level in the SMEHS. The system is easy to overshoot and oscillation when the load force drastically changes.
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1. The viscous damping coefficient and the leakages of the cylinder are ignored. 2. The friction force of piston in the cylinder is negligible. 3. The rod is extending.
The fluid flow through the servo valve orifice is given by the following equations:
where 1 q and 2 q are the flows through the valve, Δ are pressure drops across the orifice, which are defined as:
where s p is supply pressure and o p is system tank pressure.
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Equations (1) and (2) are needed to be linearized for the mathematical deduction. The following equations can be given while using Taylor' series expansion. Theoretical analysis is carried out to illustrate the characteristics of the ADS. Several assumptions are made, as follows:
1.
The viscous damping coefficient and the leakages of the cylinder are ignored.
2.
The friction force of piston in the cylinder is negligible.
3.
The rod is extending.
where q 1 and q 2 are the flows through the valve, K v1 and K v2 are the valve coefficient of valve orifice, and ∆P 1 and ∆P 2 are pressure drops across the orifice, which are defined as:
where p s is supply pressure and p o is system tank pressure.
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Equations (1) and (2) are needed to be linearized for the mathematical deduction. The following equations can be given while using Taylor' series expansion.
where K q1 and K q2 are the flow coefficient and K c1 and K c2 are the flow-pressure coefficient. The pressure of cylinder chambers can be obtained by the fluid flow balance equations:
.
where β e is the effective bulk modulus of oil, p 1 is the pressure in piston chamber, V L1 is the volume of cylinder chambers, A 1 is the area of cylinder piston, and q 1 is the flow rate of cylinder. The force balance equation following Newton's second law:
..
where m is the total mass of the piston, f L is the load force, and b is viscous damping coefficient. According to Equations (1), (3), (4), (6) and (7), the transfer function of SMEHS is derived as follows:
where the natural frequency is given in Equation (9) and damping ratio is given in Equation (10).
Therefore, the system block diagram is presented in Figure 4 .
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Divided by Equation (9), Equation (13) is represented as follows. 
Divided by Equation (10), Equation (14) is represented as follows. 
Comparing
Equations Error! Reference source not found. and Error! Reference source not found., it is clear that the ADS can improve the damping ratio in the system if 0 a K > . It is more apparent from Error! Reference source not found. that the larger the value of a K , the higher the damping ratio the system will have. However, comparing Equations Error! Reference source not found. and Error! Reference source not found., the eigenfrequency may become decreasing and the larger the value of a K , the higher eigenfrequency the system will decrease.
Modeling of SMEHS
In Figure 1 , the SMEHS consists of a hydraulic cylinder, a servo valve 1 at the metering-in side of the hydraulic cylinder, a servo valve 2 at the metering-out side, a hydraulic pump, and a relief valve. The two valves are used to control the cylinder. The two signals control the two independent valve spools, so the SMEHS has two degrees of freedom and it provides more flexibility and controllability. The relief valve is used to maintain a constant pressure of the system. The dynamics of the servo valve can be described by a second-order system, which yields the following equations, since the response frequency of the servo valve is much higher than that of the entire hydraulic system. Substituting Equation (11) to Equation (8) , the transfer function is presented:
where the damping ratio ζ h3 and natural frequency ω h3 are given by
Divided by Equation (9), Equation (13) is represented as follows.
Divided by Equation (10), Equation (14) is represented as follows.
Comparing Equations (10) and (14), it is clear that the ADS can improve the damping ratio in the system if K a > 0. It is more apparent from (16) that the larger the value of K a , the higher the damping ratio the system will have. However, comparing Equations (9) and (13), the eigenfrequency may become decreasing and the larger the value of K a , the higher eigenfrequency the system will decrease.
In Figure 1 , the SMEHS consists of a hydraulic cylinder, a servo valve 1 at the metering-in side of the hydraulic cylinder, a servo valve 2 at the metering-out side, a hydraulic pump, and a relief valve. The two valves are used to control the cylinder. The two signals control the two independent valve spools, so the SMEHS has two degrees of freedom and it provides more flexibility and controllability. The relief valve is used to maintain a constant pressure of the system. The dynamics of the servo valve can be described by a second-order system, which yields the following equations, since the response frequency of the servo valve is much higher than that of the entire hydraulic system.
Appl. Sci. 2020, 10, 277 6 of 19 where x v1 and x v2 are the displacement of the servo valve spool, K s1 and K s2 are the servo valve gain, ω v1 and ω v2 are the natural frequency, ξ v1 and ξ v2 are damping ratio, and u 1 and u 2 are the input signal to servo valve. The pressure dynamics can be obtained, as follows:
where β e is the effective bulk modulus of oil, p 1 is the pressure in piston chamber, p 2 is the pressure in rod chamber, V L01 and V L02 are the initial volume of cylinder chambers, separately, including the chamber volume of connected pipeline, A 1 is the area of cylinder piston, A 2 is the effective actuating area of rod end in cylinder, x L is the displacement of cylinder rod, ∆ 1 and ∆ 2 are uncertain terms due to parameter perturbation, modeling errors, and other disturbance. While ignoring the mass of oil, we obtain the force balance equation following Newton's second law:
where m is the total mass of the piston, f L is the load force, b is viscous damping coefficient, ∆ 3 is the uncertain item, consisting of the external disturbance and unmodeled uncertainties.
Position Servo System of SMEHS
In Figure 1 , servo valve 1 is used to control the displacement of the piston rod to track the given displacement signal x d . Choosing u i as the system input, and choosing x L as the system output, the system state variable is presented, as follows.
Assuming that
where θ i2 and θ i3 are the disturbance combining of uncertainties, unmodeled items, and external disturbances in the model. In Section 4.1, a disturbance observer is designed to compensate for the disturbance in order to achieve perfect dynamic performance.
Pressure Servo System of SMEHS
In Figure 1 , servo valve 2 is used to control the pressure of the metering-out chamber to track the given signal p d . Choosing u o as the system input, and choosing p 2 as the system output, the system state variable is presented, as following.
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v2 , the dynamic state function of the metering-in side can be illustrated, as follows.
Similarly, θ o1 is the combining of disturbances due to unmodeled and external disturbances items in the model. In Section 4.1, a disturbance observer is designed to compensate for the disturbance.
Controller Design
There are many control algorithms for hydraulic servo systems [16] [17] [18] [19] . Wang C, Quan L, and Zhang S developed the active disturbance rejection control (ADRC) algorithm [20] , which avoided the high stiffness control and mismatched uncertainties input, and the hydraulic servo system obtained an excellent tracking performance. Choux M, Karimi H, and Hovland G presented a backstepping technique based adaptive controller to make sure that the tracking error converges to zero asymptotically to overcome the uncertainties in the system according to the Barbalat lemma [21] . M.Hast, K.J.Astrom, et al. proposed the Convex-Concave optimization method for the PID (proportional-integral-derivative) controller [22, 23] . Karimi and Kammer proposed a robust controller that is based on convex optimization [24] . Niksefat N and Sepehri N designed a robust force controller that is based on nonlinear quantitative feedback theory to overcome uncertainties in the industrial hydraulic system [25] . The designed controller satisfied the tracking performance, and it was low-order, which was easily implemented in the industry. Truong DQ and Ahn KK used a grey prediction based fuzzy PID controller for eliminating the disturbance and improving the control quantity of the system [26] . The system had excellent dynamic characteristics, but it was hard to tune the controller parameters.
Backstepping control is useful for dealing with uncertainty in nonlinear systems. In recent years, many researchers have conducted several studies on this algorithm. Na Jing proposed a new control design method for high-order servo systems with hydraulic actuator dynamics [27] . The results showed that the combined controller improved dynamic performance. Wang Y and Wu H designed a backstepping controller, in which unknown uncertainties are approximated while using neural networks [28] . However, the complexity of the backstepping controller dramatically increases as the order of the system increases, which is called "computational explosion", due to the classic backstepping method requiring repeated derivation of the signal. A dynamic surface control method was utilized in order to solve this problem [29] [30] [31] . It was shown that this method helped to deal with the "computational explosion" problem.
Based on the above research, the robust backstepping controller combining with a tracking differentiator (TD) and a nonlinear disturbance observer (NDO) is proposed in this section, which is called BSTDNDO for short. The BSTDNDO is used to control the cylinder to track the reference signals. TD is applied in the controller to avoid "computational explosion". The NDO is used to compensate for the uncertainties and disturbances. Figure 6 shows the structure of the proposed controller.
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Nonlinear Disturbance Observer
The uncertainties and disturbances in the system must be adequately compensated in order to achieve perfect tracking performance. A nonlinear disturbance observer is utilized to deal with this problem. The nonlinear disturbance observer is designed, as follows [32] . 
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Nonlinear Disturbance Observer
The uncertainties and disturbances in the system must be adequately compensated in order to achieve perfect tracking performance. A nonlinear disturbance observer is utilized to deal with this problem. The nonlinear disturbance observer is designed, as follows [32] .
where η i2 , η i3 , and η o1 are the gains of the observer, which are related to the convergence speed of the NDO. σ i2 , σ i3 , and σ o1 are the internal variables.
Tracking Differentiator
In engineering applications, differential methods usually obtain the derivative of the signal. However, when the noise mixed in the signal, this method will amplify the noise. The tracking differentiator is proposed to solve this problem. The tracking differentiator is designed, as follows [33] .
where x in is the input of TD, x 1 is the tracking output of x in , x 2 is the derivative of the input x in , r is the gain of TD, and it is positive, which determines the tracking speed of TD. α is limited by 0 < α < 1, which determines the approaching speed of TD.
Backstepping Controller Design
The the metering-in valve controls rod displacement x i1 to track the reference displacement signal x d . The metering-out valve to track the reference signal p d conrols the metering-out chamber pressure p 2 . For the metering-in side servo system, BSTDNDO is designed in five steps. A similar design procedure is utilized for the metering-out servo system to build a pressure regulator, which is omitted. Throughout this paper,• is used to denote the estimate of •, • is used to denote the estimation error of •. According to (23),
Step 1: The displacement tracking error e 1 is defined, as follows.
where x d is the given reference signal for the tracking system. Define e 2 = x i2 − α 1 , where α 1 is the first virtual control variable, it is presented, as follows.
where k 1 is the controller gain, k 1 > 0. The derivative of Equation (30) is
If α 1 is treated as the virtual control input, then the subsystem (32) can converge to zero or as small as possible. Selecting the positive semi-definite Lyapunov function V 1 = 1 2 e 2 1 obtains its time derivative:
It is easy to know that, if e 2 converges to zero and k 1 > 0, then e 1 can converge to zero in finite time by choosing the proper controller gain k 1 .
Step 2: In this step, we need to design the controller to make sure that e 2 can converge to zero. Define the error e 3 = x i3 − α 2 , where α 2 is the second virtual control variable and it is defined, as follows.
In Equation (34), k 2 is the controller gain, k 2 > 0.ˆ. α 1 is obtained by TD.θ 2 is obtained by NDO. The derivative of e 2 is:
The following equation is obtained when the Lyapunov function signal is chosen to be
In Equation (36), if e 3 converge to zero, then e 2 can converge to zero in finite time by choosing the proper controller gain k 2 .
Step 3: In this step, we need to design the controller to make sure that e 3 can converge to zero. Define e 4 = x 4 − α 3 , where α 3 is the third virtual control variable, and it is defined, as follows.
In Equation (37),ˆ. α 2 is obtained by TD,θ 3 is obtained by NDO. k 3 is the controller gain, k 3 > 0. The derivative of e 3 is obtained, as follows.
It is easy to know that if e 4 converges to zero and k 3 > 0, then e 3 can converge to zero in finite time by choosing the proper controller gain k 3 .
Step 4: In this step, we need to design the controller to make sure that e 4 can converge to zero. Define e 5 = x 5 − α 4 , where α 4 is the virtual control variable.
whereˆ. α 3 is the estimate of . α 3 , it is obtained by TD, k 4 is the controller gain, k 4 > 0. The derivative of e 4 is .
When the Lyapunov function signal is chosen to be V 4 = V 3 + 1 2 e 2 4 , the following equation is obtained.
In Equation (42), if e 5 converge to zero then e 4 can converge to zero in finite time by choosing the proper controller gain k 4 .
Step 5: In the last step, we consider the convergence of e 5 to make sure that e 5 can converge to zero. The derivative of e 5 is shown as
The control law u i can be deduced, as follows.
whereˆ. α 4 is obtained by TD and k 5 is the controller gain, k 5 > 0.
Stability Analysis of Nonlinear Disturbance Observer
Consider the following system in order to analysis the stability of NDO:
where d i denotes the disturbance of the system, and x i denotes (x 1 , x 2 , · · · x i ). Generally, due to the disturbance is uncertain, we assume that . d i = 0. The NDO for the system represented by the Equation (45) is presented, as follows.
where z i is the internal variable and L i is the gain for NDO. The estimating error of d i is defined as
The Lyapunov function is chosen in order to analysis the stability of NDO, as follows
Differentiating the Lyapunov function (48), Equation (49) is obtained.
By choosing positive L i , the stability can be proofed, and the desired exponential convergence rate is related to the value of L i .
Stability Analysis of BSTDNDO
The Lyapunov function is chosen to be: V i = V 4 + 1 2 e 2 5 in order to evaluate the stability. This results in Equation (50).
The error of TD is also bounded because selecting proper parameters bound the tracking error of NDO. According (50), Equation (51) is obtained.
Equation (51) can be rewritten, as follows.
where k = min{k 1 , k 2 , k 3 , k 4 , k 5 } and ε = ∆ 2 + ∆ 3 + 
By choosing any positive number ϕ and k ≥ 1 + ε 2 4ϕ , if V i (0) ≤ ϕ, then V i (t) ≤ ϕ will be guaranteed for all t > 0. Therefore, the controller stability is proven, and the tracking error can converge to a sufficient small neighbor of zero.
Experiment and Discussion

Experiment Platform
A test rig has been constructed in order to validate the proposed control strategy. Figure 7 briefly depicts the schematic of the hydraulic system of the test rig. It consists of a position tracking system and a loading system. The position tracking system consists of cylinder 5, servo valve3.1 and 3.2, pressure sensor4, relief valve2.1 and 2.2, and fixed displacement pump1.1 and 1.2. The cylinder 5 is controlled by two servo valves, respectively. The max system pressure is determined by the crack pressure of the relief valve. Pressure sensors are attached to both cylinder chambers. The cylinder is equipped with a displacement sensor. The loading system is used to maintain a constant load force that is applied to cylinder 5. The direction of the loading force can be controlled by directional valve 9, and the magnitude of the loading force can be regulated by relief valve 2.2. Table 1 provides the main specifications of the test rig. Figure 8 shows a photo of the test rig.
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Displacement Tracking Experiments
Comparative experiments were carried out in order to test the tracking performance of BSTDNDO. Figure 9 shows the reference signal. The constant load force was adjusted to 50 KN and applied to the cylinder during the experiments. The metering-out valve kept the maximum orifice opening. The parameters of BSTDNDO were k 1 = 55, k 2 = 35. k 3 = 230, r = 40, α = 0.8. η i2 = 200, η i3 = 100, and η o1 = 100. The max tracking error of BSTDNDO was 2.35 mm, as shown in Figure 10 . Subsequently, comparative experiments were carried out. Because the sliding mode control (SMC) algorithm was robust and practical in engineering [34] [35] [36] , it was chosen for this comparison. A large number of parameter sets were tested to make sure that the SMC controller works with the highest performance. Figure 11 shows the tracking error while using the SMC algorithm. The BSTDNDO controller had higher tracking accuracy than the SMC controller because the uncertainties and disturbances were observed by NDO and compensated during the controller design procedure (Figures 12 and 13) . The max displacement tracking error was 3.62 mm and the maximum tracking error was reduced by 35%. 
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Active Damping Strategy Experiments
Another experiment was carried out in order to verify the effectiveness of ADS. In this experiment, a slope signal was chosen as the reference signal, as shown in Figure 14 . The ADS was disabled during the experiments. The pressure of the metering-out chamber was regulated to 25 bar. The load force was adjusted to 50 kN. When 1 t s = , the load force suddenly decreased to zero. The oscillation occurred due to the low pressure at the metering-out chamber. Figure 15 shows the rod displacement. The system started to oscillate from 1 t s = and became stable until 1.22 t s =
, the oscillation occurred for 0.22 s. The maximum overshoot was 15.2 mm. Figure 16 shows the pressure of both the metering-in side and the metering-out side. 
Another experiment was carried out in order to verify the effectiveness of ADS. In this experiment, a slope signal was chosen as the reference signal, as shown in Figure 14 . The ADS was disabled during the experiments. The pressure of the metering-out chamber was regulated to 25 bar. The load force was adjusted to 50 kN. When t = 1 s, the load force suddenly decreased to zero. The oscillation occurred due to the low pressure at the metering-out chamber. Figure 15 shows the rod displacement. The system started to oscillate from t = 1 s and became stable until t = 1.22 s, the oscillation occurred for 0.22 s. The maximum overshoot was 15.2 mm. Figure 16 shows the pressure of both the metering-in side and the metering-out side.
The comparative experiment was carried out and the ADS was enabled. The load force was adjusted to 50 kN. The load force suddenly decreased to zero when t = 1 s. The system started to oscillate from t = 1 s and it became stable until t = 1.13 s. The oscillation occurred for 0.13 s. The maximum overshoot was 13.6 mm. Figure 17 shows the pressure of both the metering-in side and the metering-out side. The ADS played a vital role to raise the metering-out reference signal when the rod displacement began to oscillate. The oscillation time was reduced by 41% and the maximum overshoot was reduced by 10.5% when compared with the results of the experiments.
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Conclusions
The metering-out chamber in SMEHS is often maintained near a lower pressure for energy-saving reasons. When the load drastically changes, the system is easy to oscillate. The damping characteristics of SMEHS are investigated and the novel active damping strategy is proposed in this work in order to suppress the oscillation.
A robust backstepping controller combining with tracking differentiator and nonlinear disturbance observer is designed for the separating-metering electro-hydraulic system with the active damping strategy. The experimental results indicate that, when compared with the SMC controller, the maximum tracking error is reduced by 35%. By using the active damping strategy, the duration of oscillation time is reduced by 41%. The maximum overshoot is reduced by 10.5%.
In summary, the proposed controller has excellent tracking performance, and the proposed active damping strategy effectively suppresses the oscillation. This work is suitable for the separating-metering system with low back pressure applications. However, the metering out chamber pressure will get increased, which means that the system has lower energy efficiency in order to increase loop damping. Therefore, how to improve the energy efficiency of the active damping strategy in SMEHS is one of the issues to be addressed in the future. 
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